suppression of TF by intravitreal injection of anti-TF monoclonal antibody significantly ameliorated CNV and decreased the expression of VEGF in the mouse CNV model. The VEGF levels of the RPE-choroid complexes and the retina showed a similar change with TF [20] . However, potential signaling pathways related to the effect of TF on the production of VEGF remain poorly defined.
The canonical Wnt/β-catenin axis is an evolutionarily conserved signaling pathway, which is activated by the Wnt ligand and plays a critical role in the regulation of inflammation and angiogenesis [21] . When activated, β-catenin escapes from serine and threonine phosphorylation by glycogen synthase kinase 3β (GSK3β) at the N-terminus that dictates the stability of the destruction complex [22, 23] . Consequently, β-catenin accumulates in the cytoplasm and translocates into the nucleus, regulating the expression of the Wnt target genes [24, 25] . Multiple proangiogenic mediators such as VEGF are known Wnt targets, whose promoters contain β-catenin response elements. It has been found that a T cell factor 4 (TCF-4) binding element at −805 bp upstream of the transcriptional start site in the VEGF promoter is an important mediator of this effect [26, 27] .
In the present study, we found that the Wnt signaling pathway was activated in the in vitro model of RPE cell chemical hypoxia. Overexpression of human TF upregulated the activation of Wnt family members. It can thus be hypothesized that TF regulates the production of VEGF through the Wnt/β-catenin signaling pathway.
METHODS
Cell culture: The ARPE-19 and RF/6A cell lines were purchased from American Type Culture Collection (ATCC, Manassas, VA) and were maintained in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Gibco, Rockville, MD) and 100 U/ml penicillin-streptomycin mixture (Gibco) at 37 °C in 5% CO 2 . The culture medium was changed every 2 days. An in vitro RPE cell chemical hypoxia model was established by adding cobalt chloride (CoCl 2 ) to the culture medium, and cells were harvested after 6, 12, 18, and 24 h. Data from cells cultured without CoCl 2 were regarded as normal controls. Inhibition of the Wnt signaling pathway was performed by adding IWR-1-endo (Santa Cruz Biotech, Santa Cruz, CA, CAS 1,127,442-82-3) to a final concentration of 10 μM. IWR-1-exo (Santa Cruz Biotech, CAS 1,127,442-87-8) was used as a control because it has little effect on the Wnt pathway at 10 μM compared with the active form IWR-1-endo. The analysis was conducted within five passages of the cells used in the experiments.
STR analysis: Nineteen short tandem repeat (STR) loci plus the gender-determining locus, amelogenin, were amplified using the commercially available EX20 Kit from AGCU (Wuxi, China). The cell line sample was processed using the ABI Prism® 3500 Genetic Analyzer. Data were analyzed using GeneMapper® ID-X v1.2 software (Applied Biosystems, Suzhou, China). Appropriate positive and negative controls were run and confirmed for each sample submitted. The STR analyses are presented in Appendix 1.
MTT assay: The viability of ARPE-19 cells after the CoCl 2 addition was determined with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay kit (Beyotime Biotechnology, Shanghai, China). The cells were incubated in 96-well culture plates (Corning, Corning, NY) at a concentration of 1×10 4 cells/well. Various concentrations of CoCl 2 (0, 50, 100, 200, and 300 μM) were added into the culture medium. At the end of each time point (6, 12, 18, 24 , and 48 h), 20 μl of 5 mg/ml MTT (Sigma, St. Louis, MO) was added to each well for 4 h. Then the supernatant was discarded, and 150 µl dimethyl sulfoxide (DMSO) was administered for 10-15 min. The absorbance was recorded at 570 nm with a Microplate Reader (Model 680, Bio-Rad, City, CA). Each experimental condition was performed in triplicate.
Western blotting: Western blot analysis of ARPE-19 cell lysates was performed as usual [19] . For protein detection, antibodies against TF (RD Systems, Minneapolis, MN), hypoxia-inducible factor 1-alpha (HIF-1α; Chemicon, Temecula, CA), VEGF (Santa Cruz Biotech, Santa Cruz, CA), phosphorylated as well as total β-catenin (Santa Cruz Biotech), glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Sigma Aldrich, Saint Louis, MO), and phosphorylated and total GSK3β (Cell Signaling Technology, Danvers, MA) were used. Protein samples were separated with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA). After blocking in 5% nonfat milk at 37 °C for 1 h, the membranes were incubated overnight at 4 °C with primary antibodies. The membranes were then incubated with horseradish peroxide (HRP)-conjugated secondary antibody (Thermo Scientific, Rockford, IL) at 1:2,500 dilution for 2 h at room temperature (RT). The blots were then incubated with chemifluorescent reagent enhanced chemiluminescence (ECL; Thermo Scientific, Rockford, IL) and exposed to X-ray film in the dark. The experiments were performed in triplicate, and the protein bands were quantitatively analyzed with Image J Analysis software.
Enzyme-linked immunosorbent assay:
The cell culture media were collected at different treatment time points, centrifuged at 250 ×g to remove debris, and frozen until further analysis. VEGF concentrations were determined using a quantitative enzyme-linked immunosorbent assay (ELISA; Cusabio Biotech Co, Wuhan, China). The amount of VEGF immunoreactivity was calculated using recombinant human VEGF standards present on each microtiter plate. Optical densities were determined at 450 nm using an ELISA reader (Model 680, Bio-Rad, Albany, NY).
Plasmid construction: For transfection experiments, the plasmid pEGFP-N3 (Becton Dickinson, Heidelberg, Germany) was used. A cDNA construct of human full-length TF was cloned into the multiple cloning site of the plasmid with the PCR method. The DNA fragments were inserted into BamHI and KpnI of pEGFP-N3. The quality, orientation, and identity of the construction (pEGFP-N3-hTF) were confirmed with digestion of the restriction enzyme and sequencing analysis. The empty plasmid (pEGFP-N3) was used as control.
Transfections: A total of 2×10 6 ARPE-19 cells per well were seeded in six-well plates and allowed to grow overnight. Transfection of pEGFP-N3-hTF or pEGFP-N3 was performed using Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA) following the manufacturer's protocol. Briefly, for six-well plates, 4 μg DNA was mixed with 10 μl Lipofectamine 2000™ at a final concentration of 2 μg DNA/ml, dissolved in RPMI 1640 without serum, the resulting complex was incubated at for 20 min to generate the transfection mixture and was added to the cells, which were then incubated for 4 to 6 h. Next, the cells were washed with RPMI 1640 and incubated in RPMI 1640 with 10% FBS for a further 48 h until use. The transfection efficiency was higher than 80%, using fluorescence microscopy, with little toxicity visible under a light microscope.
Gene silencing was performed using siRNA against human TF or a scrambled oligonucleotide sequence provided by Santa Cruz, following the manufacturer's instructions. After transfection for 48 h, the cells were collected to perform western blotting.
In vitro cell invasion assay:
To test the effect of ARPE-19 cells on the invasion of RF/6A cells after TF overexpression with or without the Wnt signaling pathway inhibitor, an invasion assay model was used. The coculture model maintained the natural anatomic relationship between basal RPE cells and choroidal vascular endothelial cells (CECs). For the migration assay, RF/6A cells were plated in Costar Transwells (Costar, Corning, NY) with 8 μm pore-size inserts, which were put in the 24-well plates where the RPE cells had been plated. Briefly, a total of 2×10 4 ARPE-19 cells were resuspended in 600 μl fresh RPMI 1640 medium supplemented with 10% FBS and transferred into the lower chamber. Cells were incubated for 24 h at 37 °C, then transfected with TF siRNA, pEGFP-N3-hTF treated with or without Wnt signaling pathway inhibitor IWR-1-endo before 8 μm pore-size inserts were placed in the wells. Cells with no treatment served as control. Matrigel (Sigma Aldrich, Saint Louis, MO) 200 μl was added to 24-well plates and incubated at 37 °C for 30 min to form gels. A total of 2×10 4 RF/6A cells were resuspended in 200 μl fresh RPMI 1640 medium supplemented with 0.5% FBS and were placed in the upper chamber. After 48 h, the noninvading cells in the upper chambers were removed with a cotton swab, the invaded cells on the lower surface of the porous membrane were fixed with 4% paraformaldehyde for 15 min, stained with 0.1% crystal violet for 30 min, and photographed under a light microscope (Olympus, Tokyo, Japan). Five random fields (200X) were chosen in each insert, and the cell number was quantified manually. Each experiment was repeated three times.
Tube formation assay:
The tube formation assay is a widely used in vitro assay to model the reorganization stage of angiogenesis [28, 29] . With appropriate Matrigel support, the endothelial cells were able to form capillary-like structures (also known as tubes). A different type of coculture moldel was used to conduct the tube formation assay. Treated and untreated ARPE-19 cells were plated in Transwells with 8 μm pore-size inserts, which were put in wells where the RF/6A cells had been plated. Briefly, Matrigel was thawed and laid into 24-well culture plates to a total volume of 200 μl in each well. Plates were stored at 37 °C for 30 min to form a gel layer. After gel polymerization, 2×10 4 RF/6A cells were seeded on each well and incubated with fresh RPMI 1640 medium supplemented with 0.5% FBS for 24 h at 37 °C in humidified air with 5% CO 2 . The 2×10 4 ARPE-19 cells that had been subjected to transfection for 24 h were seeded in the upper chamber. The closed networks of tubes in each well were observed with an inverted phase-contrast microscope (Olympus, Tokyo, Japan). Incomplete networks were excluded. The experiments were performed in triplicate, and five fields from each chamber were counted and averaged.
Statistical analysis: All data are expressed as mean ± standard deviation (SD) and were analyzed using the Student t test or one-way ANOVA. A p value of less than 0.05 was considered statistically significant. 
RESULTS

Effect of CoCl
Upregulation of TF expression in ARPE-19 cells under hypoxic conditions:
To explore the possibility that TF participates in VEGF expression under hypoxia, we investigated the effects of chemical hypoxia on the expression of TF, VEGF, and HIF-1α in ARPE-19 cells. HIF-1α has been identified as a key transcription factor that mediates increased expression of hypoxia-regulated genes such as VEGF [30] . As expected, western blotting showed that the HIF-1α protein increased over time and peaked at 12 h (Figure 2A,B) . The VEGF levels in the ARPE-19 cells measured with ELISA increased consistently with HIF-1α ( Figure 2C ). As detected with western blotting (Figure 2A,B) , TF significantly increased after 12 h of hypoxia. The results showed that TF expression was in accordance with the variations in the HIF-1α and VEGF levels ( Figure 2 ).
TF silencing inhibits VEGF protein expression in vitro:
To test the TF effect on VEGF expression in ARPE-19 cells, TF in ARPE-19 cells was knocked down by TF siRNA, and VEGF protein expression was evaluated with western blotting. TF siRNA depleted TF protein levels by 73±8% in the ARPE-19 cells (Figure 3A,B) . In contrast, there was no significant difference between the cells transfected with scrambled siRNA and nontransfected cells. Accordingly, VEGF protein expression in the ARPE-19 cells was inhibited. The VEGF protein levels were downregulated by 33±3% in the ARPE-19 cells in the TF siRNA group when compared to the normal and control groups (p<0.01, Figure 3A ,B).
Overexpression of TF upregulates VEGF expression in ARPE-19 cells:
To further determine the relationship between TF and VEGF, we transfected TF plasmid into ARPE-19 cells. The TF and VEGF protein expression in the transfection group was markedly increased in ARPE-19 cells (1.92±0.08-fold and 1.71±0.11-fold, respectively) when compared to the levels in the pEGFP-N3 group and the levels in the nontransfected control cells (p<0.01, Figure 3C,D) .
Involvement of the Wnt/β-catenin pathway in TF-induced VEGF expression:
To delineate the signaling pathway underlying the observed effects of TF on ARPE-19 cells, the phosphorylation states of the signaling molecules involved in the regulation of VEGF expression were detected. Western blotting revealed that cells overexpressing human TF robustly activated the Wnt/β-catenin signaling pathway, leading to a rapid increase in the phosphorylation of GSK3β ( Figure  4A,C) , but reduced the phosphorylation of β-catenin and upregulated accumulation of β-catenin compared to the control groups ( Figure 4A,D) . IWR-1-endo is a specific inhibitor of the Wnt response [31] . IWR-1-endo stabilizes the destruction complex that consists of APC, Axin2, CK-1α, and GSK3β, increasing the level of the Axin2 protein without changing the levels of Apc or GSK3β, consequently inhibiting Wnt-induced accumulation of β-catenin. The IWR-1-exo diastereomer exhibits much less activity against the Wnt/β-catenin pathway and is used as a negative control. Notably, we observed that IWR-1-endo changed the levels of phosphorylated GSK3β little but evidently reduced the levels of β-catenin ( Figure 4C,D) . The results showed that TF-induced VEGF expression was sensitive to the Wnt inhibitor IWR-1-endo, but no impact of IWR-1-exo on VEGF expression was detected. IWR-1-endo suppressed TF-induced expression of VEGF at a concentration of 10 μM (Figure 4B) , suggesting that the Wnt/β-catenin signaling pathway was required for the VEGF expression in response to TF. This result indicated that VEGF was downstream of the Wnt/β-catenin pathway, which was consistent with the report that VEGF was the target gene of the Wnt/β-catenin signaling pathway [24] . Histogram shows densitometric analysis of the average levels for TF and VEGF. GAPDH was used as an internal control. Cells transfected with empty plasmid is used as negative control. * p<0.01, TF siRNA-treated group versus control groups. cells while TF siRNA showed the contrary results ( Figure  6 ). This result indicated that TF might potentiate the VEGFinduced tube formation ability of RF/6A cells. TF induced VEGF expression and angiogenesis via the Wnt/β-catenin signaling pathway.
Functions of RF/6A cells invasion by RPE cells in a cocul
TF induced VEGF expression and angiogenesis via the Wnt/β-catenin signaling pathway:
In order to investigate whether the Wnt/β-catenin signaling pathway participated in TF-induced VEGF expression and angiogenesis, the Wnt/β-catenin signaling pathway inhibitor IWR-1-endo was used in the Matrigel invasion and tube formation assay. When Wnt signaling was blocked by IWR-1-endo in the ARPE-19 cells, invasiveness and tube formation were reduced significantly compared to overexpression plasmid transfected cells (Figures 5 and 6 ).
DISCUSSION
CNV is a major cause of blindness in humans. The pathological pathway toward CNV begins with the breakdown of Bruch's membrane, resulting in local ischemia and hypoxia. The condition of CNV is stimulated by one or more angiogenic factors, particularly VEGF under hypoxic or inflammatory conditions [32] . Then the CECs are activated and transmigrate toward or across the RPE into the neurosensory retina, where the CECs proliferate into new vessels [33] . Our previous study showed that TF-siRNA substantially inhibited the proliferation and migration of human umbilical vein endothelial cells (HUVECs) [19] .
Angiogenesis is a complex process involving vascular endothelial cell proliferation, migration, and tube formation [34] . RF/6A, which is a choroid-retinal endothelial cell line, is widely used for in vitro studies on retinal and choroidal neovascularization [35, 36] . In the present study, we used the RF/6A cell line to imitate the process of neovascularization.
In a mice model of laser-induced CNV, we found that TF played an important role in CNV formation, and the anti-TF monoclonal antibody significantly decreased leakage in CNV lesions. After anti-TF monoclonal antibody treatment, the TF levels of the RPE-choroid complexes and the retina were decreased. Surprisingly, VEGF expression revealed a similar change [20] , while the signal mechanism involved in the effect of TF on VEGF is unknown.
To further explore the regulation of TF on VEGF and the possible signaling pathways, TF expression was changed by transfection of siRNA or overexpression of plasmids in the ARPE-19 cells. We demonstrated that TF siRNA specifically knocked down TF expression in ARPE-19 cells, and VEGF protein levels decreased accordingly. In contrast, TF overexpression upregulated VEGF expression (Figure 3) . Western blotting was conducted to evaluate the protein phosphorylation changes regulated by TF. The phosphoprotein results indicated that TF regulates activation of the Wnt/β-catenin signaling pathway, participating in the expression of VEGF (Figure 4) . The specific inhibitor of the Wnt/β-catenin pathway IWR-1-endo inhibited the effect on VEGF expression. Silencing endogenous TF significantly suppressed the Wnt/β-catenin signal transduction cascades. Therefore, the regulation of TF on VEGF expression may be mediated by activation of the Wnt/β-catenin signaling pathway, but the detailed mechanism requires further exploration.
We demonstrated that TF could effectively promote VEGF-induced choroid-retinal endothelial cell migration and tube formation, which is mediated by the Wnt/β-catenin signaling pathway ( Figure 5 and Figure 6 ). We investigated several signaling pathways in our study such as PI3K/Akt, but did not find statistical significance. In addition, p38 MAPK signaling pathway is in the upstream of TF. We chose the Wnt/β-catenin pathway instead of the others because VEGF was found to be a target gene of β-catenin while TF was not [24] . Multiple signaling pathways might exist in TF-overexpressing RPE cells. However, the Wnt pathway seems to be upregulated and is a significant pathway of this regulation in the present study. One of the most upregulated phosphoproteins in TF-overexpressed ARPE-19 cells is GSK3β. In the canonical Wnt signaling pathway, serine 9 of GSK3β is rapidly phosphorylated, resulting in inhibition of GSK3β kinase activity, mediating proteasomal targeting and triggering a rapid accumulation of nuclear β-catenin. Badimon and his colleagues [37] revealed that the Wnt pathway is concerned with TF-silenced human vascular smooth muscle cell (HVSMC) polarization and cell motility. These results demonstrated that TF promoted RF/6A cell invasion and tube formation by transcriptionally upregulating VEGF involving activation of the Wnt/β-catenin signaling pathway. In vivo relationships between TF and VEGF will be investigated in further work.
TF signaling has been linked to TF cytoplasmic domain phosphorylation [17, 38] , especially phosphorylation of the three serine residues (Ser253, Ser258, and Ser263) [39] . Several studies suggested that phosphorylation of the TF cytoplasmic domain results in activation of various MAPK family members and triggers gene transcription [40] [41] [42] . However, some investigators have found that deletion of the cytoplasmic tail of full-length TF does not result in abnormal angiogenesis [43] . Arderiu et al. [44] showed that the lack of a cytoplasmic domain does not abrogate TF signaling through Akt although other studies showed that the cytoplasmic tail of TF plays an important role in the regulation of VEGF expression and angiogenesis in tumor growth [45] [46] [47] . Thus, it is necessary to explore how TF activates the Wnt/β-catenin signaling pathway or which member of the Wnt family interacts with TF.
In conclusion, our study indicated that TF and VEGF might coordinate in the formation of CNV. Silencing TF expression in RPE cells inhibited VEGF expression, while overexpression of TF in the RPE cells resulted in increased VEGF expression, suggesting VEGF was positively regulated by TF in vitro. TF promotes choroidal-retina vascular endothelial cell invasion and tube formation by upregulating VEGF. TF signals through the Wnt/β-catenin pathway to regulate VEGF and vascular formation. We anticipate that targeted therapy toward TF and Wnt signaling and its downstream proteins might be promising for interventions of pathological processes involving TF-regulated angiogenesis and inflammation. Future experiments in more relevant model systems are needed to clear the way toward clinical application of this novel finding.
APPENDIX 1. STR ANALYSIS.
To access the data, click or select the words "Appendix 1."
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